In this paper finite element analysis (FEA) is used to understand the effect of a non-uniform temperature distribution on the creep and fatigue behaviour of leadfree solder joints in an electronic assembly comprising of a chip resistor mounted on printed circuit board (PCB). Solder joints in surface mount devices (SMDs) operate over a temperature range as extreme as -55 o C to 125 o C, which is high compared to the melting temperature of solder alloys. Exposure of solder joints to these temperatures can result in thermo-mechanical fatigue. Eutectic or near-eutectic tin-lead alloys have previously been used as an interconnection material, but the ban imposed on the use of toxic materials in electronic products demands new lead-free solder materials. This paper presents the experiments carried out using a thermal camera to obtain the real temperature distribution in the electronic assembly. These temperature distributions were used in FEA of the chip resistor under temperature cycling conditions. Unlike accelerated tests for obtaining reliability data, FEA is quick and less expensive.
Introduction
The environmental impact of lead in electronic products is relatively low, but due to the size of the industry, is becoming a major concern all around the world. The stimulus for the "green movement" is market trend's and customers' perception. Therefore, manufacturers, suppliers and research institutes around the world are investing their efforts into developing leadfree soldering technologies to substitute for tin-lead solder alloys. In addition, researchers are also pondering the pressing need to find a high-performance solder alloy with improved mechanical properties and similar processing characteristics to tin-lead solders [1] .
The reliability of lead-free solder joints is still a major concern due to their widespread application in the electronic industry only very recently and therefore there is not a great deal of material data or practical experience available. In this study a near-eutectic lead-free SnAgCu (SAC) solder alloy, with a melting temperature of 217 o C, is considered because it is being widely adopted due to its excellent wetting and mechanical properties [2] . When the solder is subjected to a cyclic stress induced by thermal cycling, the reliability of the solder joint depends on its resistance to fatigue. Along with thermomechanical fatigue, solder joints are subjected to creep as they operate at high homologous temperatures (T g , the ratio of absolute operating and melting temperature). In this study a solder joint is subjected to thermal cycles between -55 o C and 125 o C. This means that they operate between T g = 0.44 and T g = 0.81. It is well documented [3] that creep plays a very important role in deformation behaviour of materials at homologous temperatures close to and above 0.5 if the loading rate is slow enough for creep damage to occur. Since under actual service conditions, the temperature cycle duration is in the order of minutes to days and the homologous temperature is more than 0.5, solder joints formed using SnAgCu alloy are expected to deform primarily due to creep [3] . This is essentially the same as for SnPb solders, but much less is known about the creep fatigue response of Pb free alloys.
Research into the use of finite element analysis (FEA) has been widely carried out to understand the elastoplastic and creep behaviour of solder joints exposed to uniform (isothermal) temperature cycling conditions [1, 3, 4, 5] . Thermo-mechanical analysis of a chip scale package (CSP) assembled using both lead-free and lead containing solder materials [1] and thermal cycling analysis of flip-chip solder joint reliability [5] are examples. However, experimental studies show that the temperature distribution within an electronic assembly is non-uniform due to different heat dissipation rates in the constituents of the electronic assembly. In addition, the mass distribution within the electronic assembly results in a non-uniform distribution of temperature during rapid changes in ambient temperature or power dissipation. Therefore, this paper focuses on the use of FEA to investigate the effect of a non-uniform temperature distribution on the creep behaviour of SAC solder joints in surface mount devices and a comparison is made with that for an uniform temperature distribution. The finite element analysis is first used to estimate stresses/strains due to cooling from reflow and then three different thermal cycling conditions are applied.
Experimental analysis 2.1 Experimental set up
In order to establish an appropriate magnitude for the non-uniform temperature distribution in the electronic assembly, a series of experiments were carried out to acquire the temperature profile in a flip chip assembly under power cycling conditions, using an infrared (IR) camera. Although this flip chip is different to the component (chip resistor) modelled, the general size and interconnection joint distribution makes both flip chip and chip resistor assemblies roughly comparable and means the flip chip experimental results will provide an indication of the temperature gradients to be expected in the chip resistor. The camera measures thermal radiation from the surface, which has a wavelength spectrum and intensity dependent on its temperature, structure and composition. The higher the temperature, the more the radiation emitted. This infrared radiation, not perceptible with the naked eye, is made visible and measurable by the infrared camera. By analysing this infrared radiation it is possible to measure temperature as well as, indirectly, the thermal conductivity, mechanical stresses, material compositions, defects such as pores and delamination, and various other kinds of inhomogeneities in the materials.
The IR camera used ( Fig. 1) has an IR detector head with a focal plane array (FPA) detector sensitive in the range 1 μm -14 μm. An infrared microscopic lens MWIR 2.5X, with a focus distance of 21-22 mm was used. The camera is interfaced with software to control real-time acquisition and analysis of the infrared data.
The specimens used were identical flip chip assemblies attached to either a copper or FR4 substrate. They were mounted vertically and powered at 1.2 W and cooled by free convection.
The flip chip specimens were silicon-on-silicon multichip modules (MCMs) the same as those used in a previously reported experiment [6] . Both MCMs consisted of a 3 mm × 3 mm × 0.5 mm "heater" chip that bore a large central resistive element (the heater) in addition to small aluminium tracks and 36 connection pads. The "carrier" chip was larger at 6 mm × 6 mm × 0.5 mm and included larger ball grid array type pads allowing for external connections to be made, as well as the corresponding pads to match those on the heater chip. The heater chip was attached to the carrier chip so that a standoff height of 35 μm was achieved (without underfill). The MCMs were subsequently attached to the corresponding substrate by a thermally conductive adhesive pad. A schematic of the assembled specimen is shown in Fig. 2 . Figure 1 shows the experimental setup, used for acquiring the temperature data for the flip chip assemblies. The camera, fitted with the micro lens, is mounted on the tripod, the specimen is powered on for few minutes to stabilise the temperature distribution in the specimen, then the lens is focused on the specimen and the temperature profile is captured.
Experimental results and discussion
The temperature distributions over the chip for a continuous 1. copper substrate, while that for the chip with a FR4 substrate is asymmetric. The cool appearing patches may be attributed to non-uniform application of the black paint which is applied to ensure a higher uniform emissivity of the chip surface. Figure 5 shows the temperature distribution across the width of the chip for both types of substrate. It is evident that these temperature distributions are non-uniform: the maximum temperature is observed at the centre of the chip, where the heat is generated, while its boundary is at a lower temperature. Another important observation of this analysis is that the FR4 substrate induces higher thermal gradients in the chip than the copper substrate. This can be explained by the much higher thermal conductivity of copper compared with FR4. The experimental temperature distribution in the chip with a FR4 substrate is used as one of the thermal load cases for creep analysis, as it best represents typical operating conditions of the chip modelled in the finite element analysis.
Creep analysis
The geometry of a standard 1206 resistor chip was used for the creep analysis. Figure 6 shows the geometric dimensions of chip resistor modelled for finite element analysis. In the finite element modelling only one half of the geometry was used, due to the symmetry of the structure. The finite element model was created using 2D plane strain elements and a fine mesh pattern is maintained around the interface between component and solder. Figure 7 shows the mesh details.
Creep constitutive equation
The solder joints of the 1206 resistor were modelled using the temperature-dependent material properties as shown in Table 1 . A number of papers have been published [7, 8, 9 ] on the constitutive equation for creep deformation of SnAgCu alloys and they have identified two mechanisms for steady-state creep deformation. They attributed these to a dislocation climb controlled (low stress) and combined glide/climb (high stress) behaviour and have represented the steady-state creep behaviour using a double power law model. In this paper the creep model determined by Schubert et al. [7] is used for the steady-state creep behaviour. They also identified two regions for stress-strain rate behaviour, but postulated the high stress region as a power law break-down region, and chose the hyperbolic sine function to fit their creep data: T is absolute temperature. Plasticity is also included along with creep in the finite element analysis. Plasticity is modelled with bilinear kinematic hardening (BKIN), which includes the Bauschinger effect due to thermal cycling. Table 2 gives the plastic material properties used for SnAgCu [10] .
The material properties of 96% alumina (Al 2 O 3 ) are used for the component body, whilst high-conductivity copper and FR4 material properties [10, 11] are used for pad and substrate respectively.
Thermal cycling conditions
In the surface mount assembly process, the components are reflowed in an oven to create the solder joint and the assembly is then returned to room temperature. Therefore, creep analysis is carried out in two steps for three different temperature cycling conditions. In the first step, creep analysis is carried out for the reflow soldering process and relaxation for one hour at room temperature (assuming there is a one hour storage period before the resistor assembly is subjected to thermal cycling). The stress levels at the end of the reflow process give the manufacturing-induced stress in the solder joint, and similarly stress level at the end of relaxation gives the amount of stress after relaxation has taken place in the solder joint due to storage at room temperature. Below are the three different thermal cases used. 
Where T comp is the component's temperature. This equation is deduced from the previously described experimental results. Case C: This case is more representative of real conditions where the temperature gradient from the experimental results is indirectly used in the thermal cycling. A thermal analysis was first carried out using temperature boundary conditions from the experimental results to obtain a continuously varying temperature distribution throughout the surface mount assembly. Figure 8 shows the different thermal zones within the resistor assembly used in the thermal analysis. Temperature boundary conditions were applied on the outer surface of the body at zone 1 and zone 3. In zone 2, a set of nodes was selected for temperature boundary condition application. The temperature boundary conditions in zone 2 (solder joint) and zone 3 (substrate) are based on the zone 1 (component) temperature. The Table 2 Plastic material properties of SnAgCu relationship between the temperatures in zone1, zone2 and zone3 were deduced from the experimental results. Figure 9 shows the variation of temperature boundary conditions at different zones throughout the thermal cycle. Figures 10 and 11 give the temperature distribution in the 1206 resistor assembly after thermal analysis was carried out when the zone 1 (component) temperatures are 398 o K and 218 o K respectively. In Case C the resistor assembly is subjected to a thermal cycle between these two extreme temperature profiles. Figure 12 shows the typical thermal cycle used in creep analysis. Line AB represents the reflow process, where a cooling rate of 4 o C/s is used, and line BC represents storage of the resistor at room temperature for an hour. After an hour of storage at room temperature, the component temperature (T comp ) is ramped to 398 o K (in Case A this is the whole assembly temperature) to start the thermal cycling. A complete thermal cycle starts at D and ends at H. In this thermal cycle there is a ramp of 12 minutes between temperature extremes (398 o K and 218 o K) and dwells of 5 minutes at the extreme temperatures.
Result and discussions
Finite element analysis of the chip resistor assembly was carried out for two thermal cycles and for the three different thermal loading cases described above. Figure  13 shows the shear stress distribution in the solder joint after the reflow process and also the location of maximum shear stress. The maximum shear stress of 25 MPa observed in the solder joint fillet, is mainly due to the mismatch of coefficients of thermal expansion (CTE) between component (made from alumina), solder and substrate (made from FR4). This stress is well above the yield stress of SnAgCu solder alloy at room temperature. When the resistor assembly is stored at room temperature, this stress reduces by the solder joints undergoing creep strain. This process is called stress relaxation. The shear stress after stress relaxation for one hour at room temperature reduces to 12 MPa, as can be seen in Fig. 14 , which is below the yield stress at room temperature of SnAgCu alloy. The shear stress evolution for the entire creep analysis is shown in Fig. 14 , which includes reflow period, relaxation period and 2 thermal cycles, all for the peak stress location in Fig. 13 . It is evident from the figure that the shear stress range is 35MPa for Case A and that for Cases B and C is only about 15 MPa. This shows that there is about a 60% reduction in the shear stress 
Figure 14
Distribution of shear stress in the solder fillet over time range for Case B and C. Accumulated inelastic strain due to thermal cycling is also studied for the solder joint. Figure 15 shows the worst case variation of inelastic strain over time at solder fillet. The total accumulated inelastic strain at the end of two thermal cycles was largest (9.5%) for Case A and smallest for Case C (7.2%). In Case B and Case C the total accumulated creep strain at the end of the thermal cycle is reduced by 13% and 28% respectively compared with case A. It can be observed from Fig. 15 that, even though most of the inelastic strain accumulation has taken place during the reflow and relaxation periods, this depends on parameters such as relaxation time, temperature and number of thermal cycles. In this particular analysis inelastic strain accumulation during the reflow and relaxation period accounts for 50%, 57% and 69% for Case A, Case B and Case C respectively. The amount of inelastic strain accumulation is reduced in thermal cycle 2 compared with that in thermal cycle 1. This reduction is only 3% for Case A compared with Cases B and C where it is 23% and 20% respectively. It is however expected that further reductions for subsequent cycles would be smaller. 
Where acc ε = Accumulated inelastic strain per cycle and C ' = inverse of creep ductility. The accumulated inelastic strain calculated for the 2 nd thermal cycle was considered for these life calculations. Table 3 gives the predicted lives for the three different thermal loading cases. From comparison of predicted lives for the three different thermal cases, there is more than 100% improvement in the life of the solder joint in case B and case C. Case C is predicted to have the longest life for the solder joint (i.e. 2456 cycles) out of the three cases.
Conclusions
The experimental results demonstrate a typical nonuniform temperature distribution in an electronic assembly. The finite element study carried out based on the experimental results is a preliminary study to understand the effect of a non-uniform temperature distribution on the fatigue behaviour of lead-free solder joints. Out of the three different thermal loading cases considered, Case C (non-uniform temperature distribution) is predicted to result in lower levels of shear stress, creep strain accumulation and creep strain energy density. However, the accumulation of creep strain and creep strain energy density depend on relaxation time, temperature and number of thermal cycles. Therefore, further creep studies are required considering various relaxation times, temperature and a greater number of thermal cycles. The inelastic strain based estimated lives Table 3 Predicted life for chip resistor demonstrate the significant impact of non-uniform temperature distribution (case C) on fatigue life of solder joint in the chip resistor, case C predicting highest number of life cycles. However, the accumulated inelastic strain is from 2 nd thermal cycle, which needs further creep analysis to establish the stabilised accumulated inelastic strain per cycle. The capture of thermal data for the actual components studied and a more accurate thermal model, taking into account the thermal mass distribution in the assembly, will be used to assess the interaction of power and thermal cycles on fatigue. Future analysis will also establish the relevant contributions of plastic and creep strains to fatigue damage and the life reduction attributable to post reflow stress relaxation. 
